Previous studies have described the impacts of wind stress variations in the eastern Pacific on sea surface temperature (SST) anomalies associated with the El Niño-Southern Oscillation (ENSO) phenomenon. However, these studies have usually focused on individual El Niño events and typically have not considered impacts on La Niña-the cold phase of the ENSO cycle. This paper examines effects of wind stress and heat flux forcing on interannual SST variations in the eastern equatorial Pacific from sensitivity tests using an ocean general circulation model over the period 1980-2002. Results indicate that in the Niño-3 region (5°N-5°S, 90°-150°W) a zonal wind stress anomaly of 0.01 N m Ϫ2 leads to about 1°C SST anomaly and that air-sea heat fluxes tend to damp interannual SST anomalies generated by other physical processes at a rate of about 40 W m Ϫ2 (°C)
Introduction
The evolution of sea surface temperature (SST) over the eastern equatorial Pacific in response to remote wind forcing in the western and central equatorial Pacific is of central importance to the El Niño-Southern Oscillation (ENSO) phenomenon. Wind forcing in the eastern Pacific, though less well explored, also varies on ENSO time scales and can have nonnegligible impacts on the evolution of ENSO events (e.g., Harrison et al. 1990; McPhaden 1999; Vintzileos et al. 2005; Vecchi and Harrison 2006) . Most previous studies of these impacts, however, were limited to individual El Niño events and typically did not consider La Niña events. Zhang and McPhaden (2006, hereafter ZM06) extended these analyses by considering the effect of zonal wind stress ( x ) variations on the generation of interannual SST anomalies using a statistical model over the full range of ENSO conditions in the eastern equatorial Pacific for the period 1980-2004. They found that a x anomaly of 0.01 N m Ϫ2 leads to approximately a 1°C SST anomaly over the Niño-3 region (5°N-5°S, 90°-150°W). Wind stress anomalies on the order of 0.01 N m Ϫ2 occurred in the eastern equatorial Pacific during the 1982/83 and 1997/98 El Niños, accounting for about 1/3 of the maximum SST anomaly during these events. Teleconnections emanating from the tropical Pacific depend critically on the detailed structure of SST anomalies along the equator (e.g., Krishna Kumar et al. 2006; Weng et al. 2007; Ashok et al. 2007) , which emphasizes the importance of understanding the role of local atmospheric forcing in the eastern equatorial Pacific.
The goal of this paper is to build on these previous results in three distinct and unique ways. The first is that compared to previous ocean general circulation model (OGCM) studies that considered only individual El Niño events, we will use an OGCM to consider the full range of ENSO variability (El Niños and La Niñas) over the period 1980-2002. The second is that, compared to ZM06, we will consider the full range of ENSO variability using a dynamical vis-à-vis statistical model. The third is that we will quantify the combined effects of both local dynamical (namely, wind stress) and thermodynamical (heat flux) forcing in the eastern Pacific for the entire period. Others have considered the effects of surface heat fluxes on ENSO time scales SST variations in the eastern Pacific, but modeling studies (e.g., Harrison 1991) have focused on individual events and empirical studies (e.g., Wang and McPhaden 2001) have focused on either individual events or relatively limited geographical areas.
Model and methodology

a. Model physics, setup, and surface forcing
The OGCM is a modified version of the Princeton Ocean Model (POM), which was originally developed for coastal and marginal ocean studies (Mellor 2004) . However, during the past decade the POM has been extended to large-scale ocean general circulation and climate modeling, including study of interannual variability in the tropical Pacific (e.g., Ioualalen et al. 2003) . The POM is a free-surface general circulation model, with a special topography-following sigma vertical coordinate scaled to the depth of the water column. For our application, we assume the ocean has a flat bottom 4000 m deep. There are 29 sigma layers in the vertical, with fine resolution for the upper ocean (10 uniform layers for the upper 100 m and 19 layers for the upper 400 m). The model domain covers the tropical and subtropical Pacific basin (50°N-40°S, 120°-70°W) with constant 1°zonal resolution. The meridional resolution is 1/3°for the tropical band between 10°N and 10°S, then linearly increases poleward from 10°N (10°S) up to the model boundaries, where the meridional resolution is about 2°. "Sponge layers" are applied to the region within 10°of the northern and southern boundaries to reduce the effects of the artificial boundaries. Within these sponge layers, horizontal viscosity and diffusion are artificially increased, and temperature and salinity are relaxed to seasonal climatologies from the World Ocean Atlas 1998, hereafter WOA98 (National Oceanographic Data Center 1998). The relaxation time scale decreases linearly from 120 days at 40°N and 30°S to 5 days at 50°N and 40°S. For the inner domain (i.e., outside of the sponge layers), the coefficients of horizontal eddy viscosity and diffusivity are both set to 1500 m 2 s
Ϫ1
. Vertical mixing coefficients are derived from a Richardson number-dependent formula (Pacanowski and Philander 1981) . No data are assimilated into the model.
The model was spun up from rest with seasonal climatological forcing from the 40-yr European Centre for Medium-Range Weather Forecasts (ECMWF) ReAnalysis (ERA-40) dataset (http://data.ecmwf.int/data/ d/era40_daily/) for 10 yr using January temperature and salinity climatologies from the WOA98 dataset as initial conditions. Afterward, the model was integrated with daily forcing from January 1979 to August 2002. The surface forcing terms consist of momentum, heat, and freshwater fluxes derived from the 6-h ERA-40 reanalysis dataset. Surface heat fluxes include shortwave solar radiation Q sw , longwave radiation Q lw , latent heat Q lh , and sensible heat Q sh , with net surface heat flux
Heat fluxes are defined as positive when they tend to heat the ocean.
Because of possible systematic model errors and uncertainties in present day heat flux products (e.g., Cronin et al. 2006 ), a correction term Q cor is added to Q 0 , which relaxes the model SST to observed weekly SST from blended in situ and satellite measurements (Reynolds et al. 2002) . The net surface heat flux for the model is therefore is defined as
where SST ob is observed SST and SST mod is simulated SST. The expression ‫ץ‬Q 0 /‫ץ‬SST is the net heat flux correction coefficient derived from a 3-yr climatology of ECMWF analyses (Barnier et al. 1995) . This term varies spatially and temporally between about Ϫ30-50 W m Ϫ2°CϪ1 for the tropical Pacific. Addition of this flux correction is a common practice for multiyear forced OGCMs in the tropical Pacific to prevent longterm model drift (e.g., Vintzileos et al. 2005; Kim et al. 2007) . The goal of the OGCM run is to simulate the dynamical and thermodynamical processes in the upper tropical Pacific Ocean as realistically as possible while minimizing interventions or corrections. The addition of a relaxation term in the heat flux is simple and efficient because of the ready availability and relatively high accuracy of observed Reynolds SST. The relaxation term Q cor was logged during the OGCM simulation, so the effects of Q cor were exactly known. Later it will be demonstrated that Q cor does not dominate the imposed heat flux Q* 0 .
Surface freshwater flux [i.e., evaporation minus precipitation (E Ϫ P)], provides surface forcing for the salinity equation. Because of uncertainties in E Ϫ P, a weak relaxation with a time scale of 90 days is added to prevent salinity from drifting too far from the WOA98 seasonal climatology for the upper several layers.
The OGCM produces outputs every 2.5 days and thus can resolve high-frequency signals such as tropical instability waves. Monthly means and climatological seasonal cycles are derived based on the model outputs. Interannual anomalies are calculated by subtracting mean seasonal cycles from monthly time series and then smoothing twice with a 5-month running-mean filter.
b. Numerical sensitivity tests
Numerical sensitivity tests designed to examine the effects of local dynamical and thermodynamical forcing on interannual SST variations in the eastern equatorial Pacific are described in this section (see Table 1 ). All sensitivity tests are integrated staring from the same initial condition following the 10-yr spin-up period (section 2a). For the control run (referred to as CTRL), full dynamical forcing and thermodynamical forcing are applied throughout the entire model domain. Following the methodology used in the linear equatorial wave model by ZM06 (see their section 5), masked runs are also set up to suppress either local dynamical or thermodynamical forcing anomalies, or both, in the eastern Pacific. For example, for the first masked run (referred to as NoTAUXY), dynamical forcing (both zonal and meridional wind stress, i.e.,
x and y ) is set to its mean seasonal cycle for the region east of 130°W (thus no anomalies) and then linearly increased to its full value (climatology plus anomaly) at 150°W. The masking of anomalies is applied from the OGCM's southern boundary to its northern boundary. West of 150°W, full dynamical forcing is applied. However, thermodynamical forcing (including Q cor ) in the NoTAUXY run is kept exactly the same as in the control run. Thus, differences between the CTRL and NoTAUXY runs are solely due to the local wind stress forcing. Vintzileos et al. (2005) designed a similar numerical sensitivity test to examine the relative contribution of wind stress forcing in the western versus eastern Pacific to equatorial SST variations for the period following the 2002/03 El Niño event.
In a variant on the NoTAUXY sensitivity test, we ran an experiment NoTAUX with only local x anomalies suppressed to examine the relative importance of zonal versus meridional wind stress. This test was motivated by the results in ZM06 that indicated x anomalies were much more important than y anomalies in determining the evolution of interannual SST anomalies in the eastern equatorial Pacific.
Similarly, another masked run (referred to as NoQ) was designed to examine effects of local thermodynamical forcing. In this run, the mean seasonal cycle of Q* 0 (including the seasonal cycle of Q cor as determined from the control run) was applied in the eastern Pacific, but the same dynamical forcing as in the control run was applied everywhere. Finally a masked run (referred to as NoTAUQ) was designed to simulate the combined effects of suppressing both local dynamical and thermodynamical forcing. By comparing outputs from the control and masked runs, we can determine the relative importance of local dynamical and thermodynamical forcing on the interannual SST anomalies in the eastern equatorial Pacific.
We note that in experiment NoTAUXY we suppressed anomalies in wind stress, but we did not suppress the anomalies of wind speed in the turbulent surface heat fluxes.Likewise, in suppressing zonal but not meridional wind stress in NoTAUX, we retain the full wind speed anomaly to compute meridional wind stress. This decomposition is artificial because in reality the components of the wind stress are coupled though changes in wind speed, which also couple the momentum and surface heat fluxes. In addition, there are ocean-atmosphere feedbacks that might further complicate responses to perturbed winds and surface heat fluxes. However, there is no simple way to completely separate the effects of the forcing terms in a way that would be easy to interpret other than the approach we have used. Thus, our results should be interpreted as an indication rather than an exact determination of the relative importance of wind stress and surface heat flux forcing in the eastern Pacific on interannual time scales.
Results
a. Control run
The zonal wind stress x anomalies along the equator for the control run (Fig. 1a) show the weakening and strengthening of the trade winds associated with the ENSO cycle. Net heat fluxes Q* 0 along the equator also vary on ENSO time scales (Fig. 1b) . The simulated and observed SSTs compare reasonably well along the equator (Figs. 1c,d) , and all ENSO warm and cold events since 1980 are clearly evident in both. Correlation between observed and simulated SSTs is uniformly high at about 0.9 throughout the central and eastern Pacific. The standard deviations of observed and simulated interannual SSTs over the Niño-3 region are 1.02 and 0.84°C, respectively. The model is also able to simulate other features such as the Equatorial Undercurrent, which is a sensitive indicator of model fidelity, in both magnitude and vertical structure (Fig. 2) .
Sea surface height (SSH) is an important dynamical variable and also provides a good measure of model performance because observed SSH has not been assimilated into the OGCM. Compared to merged Ocean Topography Experiment (TOPEX)/Poseidon and Jason altimeter measurements, the model generally simulates interannual variations of SSH well for the period from 1993 to 2002 (the common period for the current model simulation and available altimeter measurements), especially the sharp changes during the 1997/98 El Niño and the following La Niña event (Figs. 3a,b) . The standard deviation of interannual SSH anomaly from the OGCM (Fig. 3c) over the period 1993-2002 agrees well in magnitude with that from altimeter measurements (Fig. 3d) , although modeled SSH standard deviations are generally 2-3 cm lower. There is one high standard deviation region centered at 130°W along the equator and two off-equatorial high standard deviation regions in the western Pacific, reflecting the importance of equatorial Kelvin and Rossby wave dynamics in the ENSO cycle. The correlation between the OGCM and altimeter measurements is high (above 0.9) between 10°S and 5°N and is slightly lower (about 0.7) in the southeastern and northern off-equatorial regions (Fig. 3e) . The root-mean-square (RMS) difference between simulated and observed SSH is generally about Similar to SSH, other model fields also compare favorably with observations. The depth of the 20°C isotherm (Z 20 ) from the control run, for example, is highly correlated with observations in the tropical band, although the OGCM produces weaker Z 20 variance (not shown). Thus, despite the model's limitations, we are confident that it is capable of simulating the basic features of the ocean's response to combined wind stress and heat flux forcing in the tropical Pacific on interannual time scales.
b. Local dynamical forcing
As mentioned in section 2b, the SST anomaly differences between the NoTAUXY and control runs (i.e., CTRL Ϫ NoTAUXY) provide a measure of the importance of local dynamical forcing. A positive correlation between x anomalies and SST anomaly differences is evident, and the largest differences occur for strong 1982/83 and 1997/98 El Niño events (cf. Figs. 1a and 4a ). For example, beginning in late 1997, a weakening of the trade winds (i.e., westerly wind stress anomalies) is associated with an additional 1°-3°C SST warming in the eastern equatorial Pacific. This warming strengthens and helps prolong the 1997/98 El Niño. Interestingly, weakening of the easterly trades in the eastern equatorial Pacific during 1988 (Fig. 1a) tempered the magnitude of cold SST anomalies during the 1988 La Niña (Fig. 4a) , which was linked to one of the worst droughts in U.S. history (Trenberth and Branstator 1992) .
Averages of x anomalies and CTRL -NoTAUXY SST anomaly differences over the Niño-3 region clearly show the influence of the local winds on SST (Fig. 5a) . The in-phase correlation between the two time series is 0.85 and the maximum correlation 0.91 occurs when the former leads the latter by 2 months. Both correlations are significant with greater than 90% confidence, and the lag relationship is consistent with a local upwelling response to zonal wind forcing. The slope of the regression fit between x anomalies and CTRL -NoTAUXY SST anomaly differences over Niño-3 region is 0.88 Ϯ 0.17°and 0.96 Ϯ 0.13°C (0.01 N m Ϫ2 ) Ϫ1 for in-phase and 2-month lagged SSTs, respectively. These values are identical (within the 90% confidence limits indicated) to the 0.87 Ϯ 0.25°C (0.01 N m Ϫ2 ) Ϫ1 found by ZM06 in their strictly empirical analysis between x anomalies and residual SST anomalies after removing the effects of thermocline depth variations, which are dominantly forced by remote winds.
Not surprisingly, the largest SST anomaly differences are found in the eastern Pacific because the modification of dynamical forcing has been limited to that region (Fig. 4a) . We note that there is a westward propagation of small anomaly differences west of the 150°W, suggesting the effects of long equatorial Rossby waves excited in the eastern Pacific. These remote Rossby wave effects were also found in ZM06's linear equatorial wave model experiments when zonal wind stress in the eastern Pacific was suppressed.
If we suppress only x anomalies and force with full (Fig. 6 ). This result is consistent with the empirical analysis in ZM06 and supports the hypothesis that interannual variations in x vis-à-vis y are more important in the eastern Pacific on interannual time scales.
c. Local thermodynamical forcing
The effects of local thermodynamical forcing are evident in the difference between the NoQ and control runs (i.e., CTRL Ϫ NoQ, Fig. 4b) . As in the case of CTRL Ϫ NoTAUXY, most of the SST anomaly differences are within the eastern Pacific, which indicates that most of the effects of surface heat flux forcing are localized. The most obvious features of Fig. 4b are the large negative SST anomaly differences along the equator associated with the strong 1982/83 and 1997/98 El Niño events, when local thermodynamical forcing acts to cool the eastern equatorial Pacific by up to 2°-3°C. Relatively weak warming from local thermodynamical forcing is also evident during La Niña events. These results are consistent with historical findings that net surface heat flux acts as a negative feedback to damp interannual SST anomalies in the eastern equatorial Pacific (Harrison et al. 1990; Wang and McPhaden 2001) . Accordingly, the SST anomaly difference in CTRLNoQ due to the effects of local net heat flux anomalies is negatively correlated with SST anomalies from the control run (the correlation coefficient is Ϫ0.69, significant with 90% confidence), as is evident for the Niño-3 region (Fig. 5b) . Moreover, in response to suppressing anomalous Q* 0 forcing, the CTRL Ϫ NoQ SST anomaly difference follows Q* 0 anomalies with high positive correlation: 0.68 at zero lag and 0.88 when Q* 0 anomalies lead the SST anomaly difference by 3 months. Both correlations are significant with greater than 90% confidence, implying that increased (decreased) surface heat flux warms (cools) the ocean. The lag is consistent with a delayed response of mixed layer temperature to heat flux forcing (e.g., Wang and McPhaden 2001) . The regression slope (with 90% confidence limits) between Q* 0 anomalies and SST anomaly differences is 2.2 Ϯ 0.5°a nd 2.9 Ϯ 0.3°C (100 W m Ϫ2 ) Ϫ1 for in-phase and 3-month lagged SSTs, respectively. These values are close to the 2.0°C (100 W m Ϫ2 ) Ϫ1 derived by Harrison (1991) in a study of the 1982/83 El Niño.
Examination of the individual components of the net surface heat flux indicates that the largest component of the local thermodynamical forcing anomaly is shortwave radiation Q sw . Skies become cloudier over warm SST anomalies and clearer over cold SST anomalies, such that solar irradiance is reduced during El Niño events and enhanced during La Niña events. Interannual anomalies in latent heat flux Q lh and the flux correction term Q cor also contribute to the thermodynamical forcing anomaly, whereas sensible heat flux and longwave radiation anomalies are generally negligible.
Standard deviations of interannual anomalies for Q* 0 , Q sw , Q lh , and Q cor averaged over the Niño-3 region are 16, 17, 13, and 14 W m Ϫ2 , respectively; Q* 0 generally follows Q 0 with a correlation of 0.85 (Fig. 5b) , implying that the prescribed heat flux accounts more than 70% of Q* 0 variance. Conversely, the correlation between Q* 0 and Q cor is Ϫ0.39, which is much lower in magnitude and only marginally significant with 90% confidence. Thus, although the magnitude of Q cor is comparable to that of Q* 0 , it does not dominate surface heat flux variations. Instead, the primary function of Q cor is to stabilize the simulation so that modeled SSTs do not stray too far from observed because of model deficiencies.
d. Dynamic and thermodynamical forcing combined
As described in section 2c, dynamical and thermodynamical forcing anomalies are separated so there is no direct interaction between them. Hence, anomaly differences between NoTAUQ and CTRL (i.e., CTRL Ϫ NoTAUQ, Fig. 4c ) resemble the combination of the anomaly differences of CTRL Ϫ NoTAUXY (Fig. 4a) and CTRL Ϫ NoQ (Fig. 4b) . Dynamical forcing dominates, but the combined effects of local dynamical forcing and thermodynamical forcing are smaller than the effect of dynamical forcing alone because surface heat fluxes represent a negative feedback.
Summary and discussion
In this study, the effects of local dynamical and thermodynamical forcing on interannual SST variations in the eastern equatorial Pacific have been fully investigated for the period 1980 to 2002 through a series of OGCM sensitivity tests. In each case, we keep the full remote zonal wind stress forcing, which is the major determinant in ENSO time scale SST variability in the eastern Pacific. Our purpose is not to challenge the primacy of this remote forcing, but rather to demonstrate that the effects of local forcing on eastern Pacific SST anomalies cannot be neglected for a quantitative understanding of ENSO variability. In particular, we find that in the Niño-3 region, a zonal wind stress anomaly of 0.01 N m Ϫ2 leads to about 1°C SST anomaly and that air-sea heat fluxes tend to damp interannual SST anomalies generated by other physical processes at a rate of about 40 W m
Ϫ2°CϪ1
. These results systematically quantify expectations from previous model studies that generally have focused on a single El Niño event. Moreover, current results take into account the effects of local forcing during the cold phase of the ENSO cycle, which heretofore had not been considered in previous OGCM studies. Finally, current results are also consistent with the strictly empirical analyses of ZM06, which indicated a wind stress anomaly of 0.01 N m Ϫ2 would lead to about 1°C SST anomaly in the Niño-3 region and that zonal wind stress variations are much more important than meridional wind stress variations in generating interannual SST anomalies in the eastern equatorial Pacific. The quantitative consistency between this study and ZM06's empirical analyses represents a cross validation of both the OGCM sensitivity tests and the empirical analysis.
Detailed analyses of the physical processes causing interannual SST variations in the equatorial Pacific have been fully explored and will be reported in a subsequent paper. Briefly, we find that for the Niño-3 region local dynamical forcing (mainly by zonal wind stress) generates interannual SST variations in the eastern equatorial Pacific primarily through anomalous vertical advection of mean temperature, although other processes such as anomalous zonal and meridional advection contribute as well. In contrast, local thermodynamical forcing (net surface heat flux) represents a negative feedback that damps SST anomalies produced by dynamical processes. These conclusions about the influence of local dynamical forcing are generally consistent with previous work (e.g., Harrison et al. 1990; McPhaden 1999; McPhaden 2000, 2001; Lee et al. 2004; Vecchi and Harrison 2006; Kim et al. 2007 , Vintzileos et al. 2005 .
Precisely why local forcing varies from event to event is an important question that can be addressed with either forced atmospheric models (e.g., Vecchi 2006) or coupled ocean-atmosphere models (e.g., Mechoso et al. 1995) . Another possibility is a regional coupled oceanatmosphere model for the eastern Pacific, like that de- signed by Xie et al. (2007) . These kinds of models may help us unravel the causes and consequences of regional-scale ocean-atmosphere interactions in the eastern Pacific, which will be an important step forward in our understanding of the ENSO cycle.
